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This paper investigates the possibility of simultaneous nondestructive evaluation of
material degradation and detection of sub-millimeter sized defects using magnetic
methods. We conﬁrmed by FEM simulation that assessment of both degradation and small
defects in steel is possible using a single-yoke probe. This was also veriﬁed experimentally.
The hysteresis loop measurements were sensitive to degradation in the material, and the
scanning ﬂux distribution could be effectively used for detecting sub-millimeter sized
defects. The degradation and small defects can also be evaluated separately with this single
measurement conﬁguration.
© 2014 Published by Elsevier Ltd.
1. Introduction
There is a strong demand for nondestructive evaluation (NDE) of degradation in infrastructure to maintain the integrity
of the structure for long-term operation and for the prevention of accidents due to the deterioration of structures. Ferro-
magnetic steels are often employed for these structures and their degradation depends on alterations in the microstructure
of the steels. One example is the increase in dislocations due to applied stress. Since the magnetization process of ferro-
magnetic steels correlates with their microstructure variations [1–3], a testing technique using changes in magnetism [4,5]
is one of the prospective candidates for such an NDE.
Several magnetic methods, such as hysteresis loop measurement and Barkhausen noise, have been applied for charac-
terizing materials [6–8] and for evaluating residual stress [9,10], while the magnetic ﬂux leakage (MFL) method is used for
detecting wall thinning on pipes in larger power plants [11,12]. In practical applications, ultrasonic testing (UT) and eddy
current testing (ECT) are often adopted to inspect small defects in structures. However, these methods are not suitable for
monitoring material degradations before crack initiation. Although magnetic testing has not been used for detecting small
defects, because UT and ECT are effective tools for such a task, magnetic testing has the advantage that it can detect degra-
dation in steels compared with UT and ECT and also has the potential to detect small defects using the MFL method. Almost
all magnetic testing methods use a magnetic yoke for magnetizing a specimen, which suggests that the simultaneous evalu-
ation of material degradation and the detection of small defects in materials may be possible using the same measurement
conﬁguration. If the proposed technique can be realized, the measurement time could be reduced and the accuracy of the
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Fig. 2. (a) Φ–I virgin curves, and (b) distributions of the leakage magnetic ﬂux density of the x- and z-components simulated by FEM.
measurement could be increased. Thus, this paper discusses the capability of simultaneous evaluation of degradation in
materials and of sub-millimeter sized defect on materials using the same magnetic measurement system as case studies.
2. FEM analysis
In order to conﬁrm the feasibility of evaluating material degradation and small (sub-millimeter size) defect on specimens,
a classical 2-dimensional ﬁnite element method (FEM) analysis was performed. Fig. 1 shows the analysis model, including
the dimensions of the single-yoke and specimen. Fe–Si steel was used for the single-yoke, and undeformed and deformed
low carbon steels (S15C) were used for the specimens. The virgin curves obtained experimentally by using a ring-shaped
sample of Fe–Si and a frame-shaped yoke of S15C steel, were used for the simulation. The difference in degradation in
the material was given by the variety in virgin curves of the specimens. The Φ–I curves and the distribution of magnetic
ﬂux density on the surface of the specimens were calculated for both undeformed and deformed specimens, each with and
without small defect. The defect was a hole with a 0.1–1 mm width and 0.1–0.7 mm depth. Fig. 2(a) shows the initial Φ–I
curves with variation in degradation of the specimen, as calculated by the FEM simulation, when the specimen has a defect
or does not have a defect (defect size: 0.1 mm width, 0.5 mm depth). A signiﬁcant difference appears between the results
for the undeformed and deformed specimen, while there is only slight variation in the results for the specimen with the
defect and for that without the defect. The loops for the deformed specimen lean toward the horizontal axis due to the
decrease in permeability. These results indicate that the magnetization curves are sensitive to degradation in the material
but are insensitive to the detection of small defects.
Fig. 2(b) shows the calculated distribution of the leakage magnetic ﬂux density of the x- and z-components, Bx and Bz ,
for a single scan over the specimen (the values of Bx and Bz are calculated at the center of the yoke and at the surface
of the specimen). The prominent variation occurs in the distribution of leakage ﬂux around the defects. The x-component,
Bx , has a peak at the central part of the defect and the z-component, Bz , has a positive and negative peak at the edge of
defect. These results show the potential for detection of sub-millimeter sized defects in steel. We also conﬁrmed that the
distributions of leakage ﬂux density for the specimens without a defect are constant against the position along the surface,
regardless of whether the specimen is undeformed or deformed. This result implies that the MFL method is ineffective
against the assessment of degradation in the material. Fig. 3(a) and (b) shows the calculated distribution of the leakage
magnetic ﬂux density of the x- and z-components, Bx and Bz , for a single scan over the specimen when the size of the
hole in the specimen changes. As the hole width becomes wider, the width between peak positions in z-components and
the peak width in x-components spread apparently and the peak height in both x- and z-components slightly increases (see
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of defect changes. (a) The depth d = 0.5 mm, the width changes from 0.1 to 0.5 mm. (b) The width w = 0.3 mm, the depth changes from 0.1 to 1 mm.
Fig. 4. Experimental setup.
Fig. 3(a)). On the other hand, the peak height in both x- and z-components signiﬁcantly increases with increasing the depth
of the hole (Fig. 3(b)). These calculated results indicate that the sizing of sub-millimeter sized defects will be possible using
a scanning magnetic ﬁeld distribution of surface of specimen.
3. Experimental procedure
Fig. 4 shows the experimental setup. A single-yoke probe excited a specimen via an applied triangular current of 0.05 Hz
to the excitation coil, and the magnetic ﬂux through a magnetic circuit was measured by a pick-up coil located at the leg
of the yoke. The size of the yoke is described in Fig. 1, and the width of yoke leg is 15 mm. The number of excitation
coil and pick-up coil are 150 and 45, respectively. The magnetic ﬂux density of the x- and z-components, Bx and Bz , on
the surface of the plate specimen was detected by a hall sensor (Arepoc HHP) with a small active area. The yoke and the
hall sensor are scanned together over the specimen. The x-axis is deﬁned as parallel to the scanning direction and the hole
position was deﬁned as the origin. The low carbon steel plates are 10 mm wide, 55 mm long, and 1 mm thick. The steel
contains 0.16 wt.% C, 0.2 wt.% Si, 0.019 wt.% P, 0.018 wt.% S, 0.01 wt.% Ni, 0.44 wt.% Mn, and Fe in balance. Several plates
were deformed by cold rolling, and a hole was prepared to imitate a sub-millimeter sized defect at center of specimens. The
diameter of the hole was varied from 0.1 mm to 1 mm, and its depth varied from 0.1 mm to 0.7 mm. The virgin curves were
used in the simulation. However, the B–H hysteresis loops were used for evaluating material degradation in the experiment.
4. Results and discussion
Fig. 5(a) shows the measured B–H hysteresis loops for the undeformed/deformed plates with/without a hole. The hole
is located on the bottom of the specimen and is 0.3 mm in diameter with a depth of 0.5 mm. The hysteresis loops for the
specimens with deformation are inclined toward the magnetic ﬁeld axis compared with those of the undeformed specimens,
and the coercive force in their case is larger than that of the undeformed specimens. These results reﬂect the increase in
dislocations, i.e., the variation in microstructure due to cold rolling. Fig. 5(b) represents the coercive ﬁeld, obtained from
hysteresis loop measurements, of the specimens with a hole on the surface/bottom of specimen as the diameter of hole
(depth is 0.5 mm) is varied. The coercive ﬁeld is signiﬁcantly different between the undeformed and deformed specimens,
while the value is constant when the diameter of the hole changes. This indicates that the parameters related to the
hysteresis loop, such as the strength of a coercive ﬁeld, are sensitive to the degradation in the material, although they are
independent of the defect size. We measured the Vickers hardness of the specimen, and its value was found to be 130 for
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Fig. 6. Distributions of leakage magnetic ﬂux density of x- and z-components, Bx and Bz .
Fig. 7. Distributions of the leakage magnetic ﬂux density of the x- and z-components for specimens with a defect of depth d = 0.5 mm and the diameter
changes from 0.1 to 0.5 mm.
undeformed and 200 for the deformed specimen, respectively. The hardness depends on the degradation of the material,
and thus correlates with the hysteresis loop, whereas there is no obvious variation in hysteresis between the specimens
with/without a hole.
Fig. 6 represents the distribution of the leakage ﬂux density of the x- and z-components, Bx and Bz , for the unde-
formed/deformed plates with/without a hole. The leakage ﬂux of both the x- and z-components remains constant as the
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Fig. 9. Deﬁnition of parameters induced from the proﬁle of the magnetic ﬂux distribution for determining the size of the hole (a), (b), and parameters
dependence on the depth of the defect (c).
position, x, is varied for the plates without a hole, even when the magnetic properties have changed. Regarding the results
for the plates with a hole, the magnetic ﬂux shows the same tendency as the simulation. The x-component has a peak at
the center of the defect, and the z-component has peaks at the edge of the hole, whereas there is no apparent difference
in the distribution of ﬂux both when the plate is deformed and not deformed. These results mean that though the mea-
surement of the ﬁeld distribution is not effective for investigating material degradation, it has the potential to detect small
defects and to determine their size.
Fig. 7 and Fig. 8 show the distributions of the leakage ﬂux density of the x- and z-components, Bx and Bz , for the
undeformed plates with a hole. The diameter of the hole changes from 0.1 to 1 mm in Fig. 7 (depth is 0.5 mm), while
the depth changes from 0.1 to 0.7 mm in Fig. 8 (diameter is 0.3 mm), respectively. In Fig. 7, the peak height increases
with increasing hole diameter for the both x- and z-components, and the peak interval in z-components becomes wider
with increasing hole diameter. On the other hand, in Fig. 8, the peak height increases with increasing hole depth for
the both x- and z-components, whereas the peak interval in z-components has no apparent changes against changing
30 H. Kikuchi et al. / Case Studies in Nondestructive Testing and Evaluation 1 (2014) 25–31Fig. 10. Leakage magnetic ﬂux density distribution map of the x- and z-components, Bx and Bz .
hole depth. The results obtained experimentally agreed qualitatively with the calculation results described Section 2. There
are some deviations between them quantitatively, which is because calculation is two-dimensional but measurement is
three-dimensional.
Fig. 9(a) and (b) show the parameter deﬁnitions derived from the magnetic ﬂux density distribution. In the proﬁle of
the x-component, the difference between the maximum and the minimum is deﬁned as Bbx , and the peak width at Bbx is
the half width wh . The difference between the maximum and minimum for the z-proﬁle is deﬁned as Bbz , and the peak to
peak width is wp . As an example, Fig. 9(c) plots the parameters deﬁned above against the depth of hole. The parameters
induced from the results in Figs. 7 and 8 on the basis of the deﬁnitions. The parameters are proportional to the depth of
the hole. The parameter, Bbz is more sensitive to defects than the parameter, Bbx . We also conﬁrmed that the parameters
are also proportional to the diameter of the hole. In this case, the parameter Bbz is the most sensitive to defects. A similar
observation is made in the case of evaluating the depth. These results indicate it is possible to estimate the size of a
sub-millimeter sized hole on a specimen.
Fig. 10 shows the mapping of leakage magnetic ﬂux density of the x- and z-components, Bx and Bz detected by the Hall
sensor around the defect, which has a 0.3 mm diameter, 0.5 mm depth, and is located on the surface of the specimen. The
distribution of the intensity of Bx is consistent with the shape and size of the defects. The distribution of the z-component,
Bz , has two peaks (positive and negative) at the edge of the hole, and the curve along the perpendicular bisector of the
contour of the ﬂux density of the z-component, Bz , from the center of one peak to the center of another peak, is coincident
with the edge of the defect.
5. Conclusions
The obtained results show that the hysteresis measurement is sensitive to degradation in the material, while it is in-
sensitive to small defects, and the measurement of ﬂux distribution is sensitive to small defects but not to degradation.
Both measurements can be performed using the same measurement conﬁguration, and thus, it is possible to simultaneously
evaluate material degradation and small defects independently using one single-yoke measurement.
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